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Abstract: 
Solidago canadensis has become a aggressive species of North American prairie 
forb throughout the world and within restored prairies throughout North America, 
causing the loss of biodiversity within those ecosystems. While reproductive methods of 
wind dispersed seeds and clonal expansion through rhizomes has helped S. canadensis 
colonize and spread through these ecosystems, S. canadensis also releases allelopathic 
chemicals which may inhibit the germination and growth of competing species. What 
was unknown is if these same allelopathic chemicals which give S. canadensis an edge 
within foreign ecosystems might also explain why S. canadensis is so prolific in restored 
North American prairies. 
To test the allelopathic effects of S. canadensis on other North American prairie 
plants, seeds representing three main plant forms; grasses, forbs, and legumes; were 
germinated in the presence of extracts made from S. canadensis leaves. The allelopathic 
chemicals used by S. canadensis appear to target one life form; grasses; over the others. 
Given that S. canadensis is more likely to compete with grasses than any individual 
specific species of forb or legume, significant differences among life forms should result 
in a strong benefit to the species. The degree of response among grass species did vary 
dramatically, with strong response on some species and no response in others. This 
specificity suggest that when choosing grass species for a restored prairie, it may be 
possible to choose grass species which are less impacted by the allelopathic chemicals of 
S. canadensis in order to prevent the dominancy of this aggressive species. 
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Introduction: 
The competition for resources between plants can significantly shape a plant 
community. By competing for light, moisture, and critical soil nutrients (Hoffman 1996), 
plant interactions determine the relative abundance of species within the community. 
Where soil resources are readily available, competition is usually for light. This is 
accomplished by a plant spreading out to capture more light, rapid growth of new leaves, 
and allocation to stem growth to overtop neighbors (Grime and Hodgson 1987; Grime 
2006). Plants in nutrient poor environments will often compete for soil resources 
(Casper 1997. This can be done through allocation to roots that generates increased 
surface area for absorption, increased production of root enzymes to absorb nutrients 
(Casper 1997), or the formation ofmycorrhizal associations (Harrison 1997) and root 
nodules (Miller 2005). A plant's ability to compete for limited resources such as light, 
soil nutrients, and water will determine how successful a plant will be within an 
environment. 
It has long been suspected that some plants may owe their success not solely due 
to the mechanisms used to acquire the resources they need, but also through the 
production of chemicals that interfere with other plants and microorganisms, thus limiting 
competition for resources. In 193 7, Hans Molisch gave this phenomenon the name 
allelopathy (Willis 1985). In 1984, this definition was modified to include any direct or 
indirect effect one plant has on another through chemicals that it releases into the 
environment (Rice 1984). The term allelopathy is typically used in reference to an 
inhibitory effect; the context in which it will be used in this paper; however these 
interactions may also include beneficial, chemically-mediated effects. 
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Allelopathic chemicals are released into the environment when dead leaves or 
roots decompose, by exudation through live roots, or release of volatiles from leaf tissues 
(Rice 1984; Inderjit 1996). Allelopathic interactions can influence plant success within 
an ecosystem through a variety of mechanisms. Directly, the allelopathic plant may 
inhibit germination, limit growth, or hinder nutrient uptake of target plants (Fageria and 
Stone 2006; Bostan et al. 2014). Indirectly, allelopathic chemicals may inhibit the 
activity of mutualistic bacteria and fungi in the soil, also limiting the success of the target 
plant (John and Sarada 2012; Yang et al. 2014). These direct and indirect interactions 
create a large variety of ways the allelopathic plant may shape its community and 
ecosystem. Given that allelopathy may be a more common mechanism used by plants 
than previously thought, these impacts could be very significant (Meiners, 2012; Meiners 
2014). 
The idea that allelopathic chemicals may give a plant an advantage in a foreign 
environment (termed the novel weapon hypothesis) was proposed by Callaway and 
Ridenour in 2004. When an allelopathic plant is introduced to a plant community in 
which it is not normally found, the resident plant community may have little to no 
resistance to the novel chemicals produced by the invader. Allelopathic effects on native 
plants have been found in invasive species such as: Acroptilon repens which releases 7,8-
benzoflavone (Alford et al. 2007), Centaurea diffusa which releases 8-hydroxyquinoline 
(Vivanco et al. 2004), Centaurea maculosa which releases (±)-catechin (Callaway and 
Aschehoug 2000) , and Solidago canadensis which releases flavons, phenolics, and 
saponins (Abhilasha et al. 2008; Zhang et al. 2011; Yuan et al. 2012). 
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Solidago canadensis (Canada goldenrod, synonymous with S. altissima) is a 
North American species found naturally throughout most of Canada and the continental 
United States within prairies, in ditches, along road ways, in forests, and in old fields, 
surviving in both moist and dry soils (Werner et al. 1980). Solidago canadensis initially 
colonizes a wide range of soils through seeds which are dispersed by the wind (Weber 
2001). Once plants become established, S. canadensis spread is primarily vegetative 
through rhizomes (Bazzaz 1996; Weber 2001). The combination of these two 
reproductive methods allows S. canadensis to succeed in a wide range of successional 
and disturbed environments (Hartnett and Bazzaz 1985). 
It has been demonstrated that S. canadensis uses allelopathic interactions to 
compete against other plants (Pisula and Meiners 2009; Yaun et al. 2012). These 
allelopathic interactions may be another reasons that S. canadensis has successfully 
invaded Europe, Asia, Australia, and New Zealand (Weber 2003; Lu 2007), and why S. 
canadensis has become so dominant in North American restored prairies and 
successional habitats. The purpose of this study was to determine if S. canadensis extract 
has an allelopathic effect on native plant species. This study also addressed whether the 
response to S. canadensis is dependent upon the life form of the target species. While 
allopathic effects can occur anywhere along a plant's life cycle or development, this 
study's focus was on the allelopathic effects on germination of native plant species, a 
critical stage in plant establishment. 
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Materials and Methods 
Species selection 
Species were selected for study that were native to North America and commonly 
included in restored prairies. Species were also selected to represent three main plant 
forms: grasses, forbs, and legumes. Since grasses are more likely to compete with S. 
canadensis than the other two plant forms, a larger selection of grass species was 
included. The complete list of species can be found Table 1. 
Bioassay design 
Solidago canadensis leaves were collected from many individuals across a large 
restored prairie at the Douglas-Hart Nature center, in Mattoon, Illinois. Leaves were 
dried at 60° for two days. Allelopathic potential was determined following procedures set 
by Butcko and Jensen (2002), as modified by Pisula and Meiners (2009). Into 500 mL of 
distilled water, 12.5 grams of dried S. canadensis leaf matter was mixed using a magnetic 
stirrer for 24 h at room temperature. Since damaging the leaves could cause the release 
of salts, enzymes, nitrogen compounds, or amino acids which would not normally be 
released, the dried leaves were allowed to soak for 1 hour before mixing to limit damage 
(Chou and Muller 1972). The resulting extract was filtered through cheese cloth. 
Dilutions were then made to derive 0% (a control), 50%, and 100% extracts. 
Germination responses of each target species at each concentration were tested 
by placing 20 seeds into 10, 90 mm petri dishes lined with filter paper; the only exception 
being Silphium laciniatum which was limited to 10 seeds per dish (in 20 dishes) due to 
the seed size. Four milliliters of extract were added to each dish, and dishes were stored 
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in sealed plastic bags in stacks of ten dishes per bag with each species kept separate. 
Dishes were kept at room temperature either until over 50% had germinated or rot had 
started to appear. To confirm that each extract had the expected allelopathic effect, 
Raphanus sativus seeds (radish) were tested using the above method during each trial of 
the project. Raphanus sativus was chosen because it has been shown that S. canadensis 
has an allelopathic effect on this species (Pisula and Meiners 2009). 
Data were analyzed in two ways. First, a relative germination rate was calculated 
by dividing the percent germination of each dish by the mean germination of the control 
(0% extract) treatment. By creating this relative germination rate, species could be 
analyzed together equivalently as the baseline germination rates varied widely across 
target species. This allowed use of a single ANOV A test to compare how responses to S. 
canadensis extract were impacted by species life form. Second, individual ANOV AS 
were run to examine species specific responses to the extracts. 
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Table 1. Plant species selected for germination trials within each life form. 
Life Form Binomial nomenclature Common name 
Grasses Panicum virgatum Switch grass 
Sorghastrum nutans Indian grass 
Schizachyrium scoparius Little Bluestem 
Andropogon gerardii Big Bluestem 
Bouteloua curtipendula Side-Oats 
Forbs Asclepias tuberosa Butterfly Weed 
Liatris pycnostachya Prairie Blazing Star 
Eryngium yuccifolium Rattlesnake Master 
Silphium laciniatum Compass Plant 
Legumes Baptisia alba White Wild Indigo 
Cassia fasciculata Partridge Pea 
Amorpha canescens Lead Plant 
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Results 
Confirming extract strength 
To confirm the consistency of allelopathic activity for each trial, R. sativus 
(radish) seeds were germinated in the presence of0%, 50%, and 100% extract. Across all 
trials, S. canadensis extract inhibited R. sativus seeds with higher concentrations resulting 
in more inhibition. Allelopathic activity did not change appreciably across trials, thus 
confirming the potency of each extract made (Table 2). 
Influence of S. canadensis extract on life forms 
The most significant finding was that S. canadensis allelopathic effect was significantly 
related to the life form of the target species (Table 3). Though species varied within life 
forms, test results clearly show that the allelopathic chemicals used by S. canadensis 
target specific life forms over others, with the grasses being the most inhibited. 
Influence of S. canadensis extract on grasses 
Grasses on average were the most sensitive to allelopathy from S. canadensis with 
a 20% reduction in germination in the 50% extract, and a 40% inhibition of germination 
within the 100% extract (Figure 1 ). However the degree of inhibition was not uniform 
across grass species (Table 4 and Figure 2). While most species decreased germination 
in response to S. canadensis, there was no significant effect of S. canadensis on A. 
gerardii, and there was some indication of an allelopathic effect for P. virgatum 
(P=0.054). There was a strong reduction in germination in response to S. canadensis in 
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three remaining grasses tested, with the 50% S. canadensis extract inhibition range being 
between 18.9% to 45.7%, and the 100% S. canadensis extract inhibition range being 
between 38.6% to 65.7%. 
Influence of S. canadensis extract on forbs 
Among the forbs, the influence of S. canadensis on germination was less clear. 
When looking at the overall impact of S. canadensis on the forbs tested, there appears to 
be some inhibition of germination in response to the 100% extract (Figure 3). However, 
when looking at the data for individual forb species, no clear connection with extract 
concentration could be found (Table 5 and Figure 4). Solidago canadensis extract 
significantly inhibited A. tuberosa germination with a consistent reduction in germination 
at higher concentration. There was some indication that S. canadensis affects E. 
yuccifolium germination (P=0.052), but there was an increase in germination at 50% and 
a decreases in germination at 100%. There was no relationship between S. canadensis 
extract and the other two species tested. The results indicate that S. canadensis may 
affect some species of forbs, but this affect varies dramatically across the life form. 
Influence of S. canadensis extract on legumes 
While S. canadensis extracts had a strong impact on grasses, and impact on some 
species of forbs, the allelopathic chemicals of S. canadensis had no impact on legumes as 
a plant form or as individual species (Figure 5, Table 6, and Figure 6). 
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Table 2. Response of R. sativus germination to S. canadensis leaf extract across the five 
trials of the experiment. Values shown are the average germination relative to the 
controls for each trial. 
Extract 
Concentration 
0% 
50% 
100% 
l 5t Trial 
1 
0.89 
0.86 
2nd Trial 
1 
0.90 
0.70 
3rd Trial 
1 
0.86 
0.85 
4th Trial 
1 
0.91 
0.75 
5th Trial 
1 
0.87 
0.76 
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Table 3. Germination response to S. canadensis extract based on life form and species 
nested within life form. 
Variable df MS F p 
Form 2 2.86 9.21 0.0001 
Species( form) 9 0.90 2.89 0.0026 
Extract 2 1.54 4.94 0.0076 
Form *extract 4 1.16 3.74 0.0054 
Species* extract( form) 18 0.45 1.44 0.1078 
Error 366 0.31 
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Table 4. ANOVA analyses ofresponse of individual grass species had to S. canadensis. 
Species 
S. scoparius 
Extract 
Error 
S. nutans 
Extract 
Error 
B. curtipendula 
Extract 
Error 
P. virgatum 
Extract 
Error 
A. gerardii 
Extract 
Error 
df 
2 
27 
2 
27 
2 
27 
2 
27 
2 
27 
MS 
0.37 
0.05 
1.13 
0.17 
0.55 
0.13 
0.37 
0.11 
0.04 
0.18 
F 
6.87 
6.82 
4.39 
3.28 
0.22 
0.22 
p 
0.004 
0.004 
0.022 
0.053 
0.80 
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Table 5. ANOV A analyses of the response of individual forb species to S. canadensis 
extract. 
Species 
A. tuberosa 
Extract 
Error 
E. yuccifolium 
Extract 
Error 
S. laciniatum 
Extract 
Error 
L. 
pycnostachya 
Extract 
Error 
df 
2 
27 
2 
27 
2 
60 
2 
27 
MS 
0.696 
0.179 
3.07 
0.930 
.928 
.431 
0.304 
0.183 
F 
3.88 
3.30 
2.15 
1.66 
p 
0.033 
0.052 
0.124 
0.209 
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Table 6. ANOV A analyses of the response of individual legume species to S. canadensis 
extract. 
Species 
B. alba 
Extract 
Error 
A. canescens 
Extract 
Error 
C. fasciculate 
Extract 
Error 
df 
2 
27 
2 
27 
2 
27 
MS 
1.165 
0.747 
0.007 
0.011 
0.048 
0.424 
F p 
1.56 0.229 
0.62 0.545 
0.11 0.893 
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Figure 1. Relative rate of germination for grasses in response to S. canadensis extracts. 
Values were calculated by comparing average germination of grass seeds within 50% and 
100% extract to the average grass seed ge1mination within the control (0%). 
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Figure 2. Individual grass species' response to S. canadensis extracts. Values were 
calculated by comparing germination of each species within 50% and 100% extract to 
control. 
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Figure 3. Relative rate of ge1mination for forbs in response to S. canadensis extracts. 
Values were calculated by comparing average germination of forb seeds within 50% and 
100% extract to the average seed germination within the control. 
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Figure 4. Individual forb species' response to S. canadensis extracts. Values were 
calculated by comparing gennination of species within 50% and 100% extract to the 
control. 
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Figure 5. Relative rate of ge1mination for legumes in response to S. canadensis extracts. 
Values were calculated comparing average germination of legume seeds within 50% and 
100% extract to the average legume seed germination within the control. 
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Figure 6. Individual legume species' response to S. canadensis extracts. Values were 
calculated by comparing germination of species within 50% and 100% extract to the 
control. 
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Discussion 
Viewing allelopathy from an ecological point of view, the strong inhibitory effect 
of S. canadensis on grasses is a reasonable expectation based on the interactions that the 
species experiences.. It is not advantageous for an organism to spend energy in 
developing and maintaining a chemical weapon to a target species rarely encountered 
when that energy is better spent on creating a chemical weapon for a target organism that 
will likely be encountered. Within N01th American prairies, there are many types of 
forbs which S. canadensis may encounter, but S. canadensis will almost always be 
competing with dominant grasses thus it is natural that any allelopathic chemicals S. 
canadensis evolved would target grass species. As selective pressures would be active on 
both the allelopathic plant and target species exposed, it is also reasonable to believe 
some grass species would develop resistance to the allelopathic chemicals of S. 
canadensis over time (Callaway et al 2005). Of the grasses, A. gerardii was the only one 
tested that did not show a significant negative response to S. canadensis extracts, 
indicating that this species has developed resistance to the allelopathic chemicals of S. 
canadensis which may make the species ideal for use in restoring prairies where S. 
canadensis is problematic. 
Fwthermore, the fact that S. canadensis targets specific life forms can be found in 
the lack of response within the forbs and legumes tested. If S. canadensis allelopathic 
chemicals functioned at a broader spectrum, then an inhibitory effect should have been 
consistently seen within the forbs and legumes. Instead there was no response among the 
legumes and only some influence among the forbs. With legumes, it would be 
counterproductive for S. canadensis to target them since legumes place usable nitrogen 
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into the soil. It would also be counterproductive for S. canadensis to place energy into 
making allelopathic chemicals to target forbs because a particular S. canadensis plant has 
no way of knowing what forbs will be competing with it. An occasional allelopathic 
effect to other species will occur, such as with A. tuberosa, because the toxins used by S. 
canadensis have no way of identifying what organism is taking them in. Toxins work by 
interacting with chemicals found within the individual whom the toxin has entered, 
therefore it is to be expected that there will be some non-target species with similar 
enough chemistry as the target species that the allelopathic chemicals may inhibit those 
non-target species. 
What does this mean for an ecosystem like an old field which is being returned to 
native prairie or even ranch land? Once S. canadensis becomes established in such an 
ecosystem, we would expect it to take a strong hold within the area it has established and 
limit any grass growth near it due to a combination of allelopathy and direct competition; 
something that is observed in many North American prairie restorations. Solidago 
canadensis allelopathic effect on grasses is not only a problem for restored prairie 
ecosystems but also ranchers. In areas where a cattle grazing has reduced the growth of 
grasses, S. canadensis can establish and spread. Even when the grass is allowed to 
recover from grazing, limited grass expansion may occur within the area that S 
canadensis has dominated (Helzer C, 2010). We would also not be surprised to find A. 
gerardii growing with S. canadensis in restored prairies since A. gerardii was not 
impacted by S. canadensis in our test and both are dominant members of their life form. 
Since there is no easy way to remove S. canadensis from the community once 
established, it would seem the best way to avoid it's dominating a restored prairie would 
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be to convert the field to native prairie as quickly as possible before S. canadensis has a 
chance to establish itself within the ecosystem, and to use grass species which have 
resistance or mild reaction to S. canadensis such as A. gerardii or P. virgatum. 
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